3-hydroxy-3-methylglutaryl-Coenzyme A reductase (HMGCR) encodes the rate-limiting enzyme in the cholesterol biosynthesis pathway and is inhibited by statins, a class of cholesterol-lowering drugs. Expression of an alternatively spliced HMGCR transcript lacking exon 13, HMGCR13(2), has been implicated in the variation of plasma LDL-cholesterol (LDL-C) and is the single most informative molecular marker of LDL-C response to statins. Given the physiological importance of this transcript, our goal was to identify molecules that regulate HMGCR alternative splicing. We recently reported gene expression changes in 480 lymphoblastoid cell lines (LCLs) after in vitro simvastatin treatment, and identified a number of statin-responsive genes involved in mRNA splicing. Heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1) was chosen for follow-up since rs3846662, an HMGCR SNP that regulates exon 13 skipping, was predicted to alter an HNRNPA1 binding motif. Here, we not only demonstrate that rs3846662 modulates HNRNPA1 binding, but also that sterol depletion of human hepatoma cell lines reduced HNRNPA1 mRNA levels, an effect that was reversed with sterol add-back. Overexpression of HNRNPA1 increased the ratio of HMGCR13(2) to total HMGCR transcripts by both directly increasing exon 13 skipping in an allele-related manner and specifically stabilizing the HMGCR13(2) transcript. Importantly, HNRNPA1 overexpression also diminished HMGCR enzyme activity, enhanced LDL-C uptake and increased cellular apolipoprotein B (APOB). rs1920045, an SNP associated with HNRNPA1 exon 8 alternative splicing, was also associated with smaller statin-induced reduction in total cholesterol from two independent clinical trials. These results suggest that HNRNPA1 plays a role in the variation of cardiovascular disease risk and statin response.
INTRODUCTION
Elevated plasma cholesterol is a well-established risk factor for cardiovascular disease. Statins are a class of cholesterol-lowering drugs that competitively inhibit 3-hydroxy-3-methylglutarylCoenzyme A reductase (HMGCR), the rate-limiting enzyme of the cholesterol biosynthesis pathway, causing reduced intracellular cholesterol, which in turn stimulates hepatic LDL-cholesterol (LDL-C) uptake as well as diminished hepatic cholesterol secretion (1) . rs3846662, a functional single nucleotide polymorphism (SNP) within HMGCR intron 13, has been associated with variation in baseline plasma LDL-C among multiple independent populations (2 -4) and reduced LDL-C response to statin treatment in the context of haplotype analysis (5, 6) . rs3846662 has been shown to directly regulate HMGCR exon 13 alternative splicing to modulate the relative levels of an alternatively spliced transcript that lacks exon 13, HMGCR13 (2) , versus the full-length canonical HMGCR transcript, HMGCR13(+) (2,7); however, the precise molecular mechanism mediating this regulation remains unknown. The HMGCR catalytic domain lacking exon 13 appears to be inactive (2) . Altering the relative ratio of the HMGCR13(2) to 13(+) transcripts modulates the statin-mediated inhibition of HMGCR enzyme activity such that inter-individual variation in statin-induced changes in HMGCR alternative splicing has been directly correlated with variation in LDL-C lowering with statin treatment, indicating that HMGCR13(2) expression is both a marker and determinant of statin response (7) .
Intracellular cholesterol homeostasis is maintained through tight regulation of both de novo biosynthesis and * To whom correspondence should be addressed at: Children's Hospital Oakland Research Institute, 5700 Martin Luther King Jr. Way, Oakland CA 94609, USA. Tel: +1 5104507977; Fax: +1 5104507909; Email: mwmedina@chori.org receptor-mediated plasma LDL-C uptake to balance cellular sterol needs, while preventing toxicity associated with cellular over-accumulation of cholesterol and its precursors (8) . We recently reported that alternative splicing appears to be a general mechanism of regulating genes involved in cholesterol metabolism (9) , functioning within the context of the SREBF2 transcriptional response. The relative expression of transcripts encoding active versus inactive isoforms of proteins involved in cholesterol metabolism is altered by cellular sterol concentrations, providing a mechanism to fine-tune regulation of cholesterol homeostasis (9) . Specifically, sterol depletion suppresses, and sterol loading induces, alternative splicing of not only HMGCR, but also other genes involved in cholesterol biosynthesis including 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 (HMGCS1) and mevalonate kinase (MVK), as well as genes involved in cholesterol uptake, such as the low density lipoprotein receptor (LDLR) and proprotein convertase subtilisin/kexin type 9 (PCSK9). These coordinated changes are due in part to sterol regulation of a well-known splicing factor, polypyrimidine tract-binding protein 1 (PTBP1), which we have shown to mediate changes in alternative splicing of HMGCS1, MVK, LDLR and PCSK9, but not HMGCR (9) .
Here, we present evidence that heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1) is a sterol-regulated splicing factor that modulates HMGCR alternative splicing, stabilizes the HMGCR13(2) transcript, as well as impacts intracellular cholesterol metabolism. Notably, rs3846662, the HMGCR SNP that promotes exon 13 skipping, alters HNRNPA1 regulation of HMGCR alternative splicing. Moreover, we identify that a sequence variant upstream of HNRNPA1 is associated with alternative splicing of HNRNPA1 itself, as well as with inter-individual variation in the magnitude of cholesterol lowering with statin treatment.
RESULTS

Identification of HNRNPA1 as a candidate splicing factor that regulates sterol-induced changes in HMGCR alternative splicing
We recently performed genome-wide expression profiling lymphoblastoid cell lines (LCLs) following exposure to either 2 mM activated simvastatin or sham buffer, and found that genes involved in mRNA splicing were significantly decreased after statin treatment (10) .
We were particularly interested in identifying splicing factors that modulate HMGCR exon 13 skipping, a process known to be regulated by rs3846662, a SNP in intron 13 (2, 7) . Through the in silico prediction program, Human Splicing Finder (11), we found that the rs3846662 'G' allele was predicted to generate both HNRNPA1 and SRSF1 (aka SF2/ASF)-binding motifs, while the 'A' allele predicted HNRNPA1 and SRSF6 (aka SRp55)-binding motifs. HNRNPA1 and SRSF1 are known to compete with each other to promote exon exclusion or retention, respectively (12) (13) (14) ; thus the loss of the SRSF1-binding motif with the rs3846662 'A' allele is consistent with previous reports, demonstrating that the 'A' allele promotes HMGCR exon 13 skipping (2) . Expression levels of HNRNPA1, SRSF1 and SRSF6 were down-regulated with statin treatment (reduced to 0.88 + 0.01, 0.96 + 0.01 and 0.95 + 0.01-folds of control, respectively); however, since HNRNPA1 was the most reduced of the three, we hypothesized that HNRNPA1 may be involved in sterol-mediated regulation of HMGCR alternative splicing.
HNRNPA1 is sterol-regulated in hepatocytes
Statin inhibition of HMGCR blocks the synthesis of mevalonate, which is a precursor for not only cholesterol but also non-sterol-derived isoprenoid intermediates (1) . To determine whether statin-induced reduction of HNRNPA1 gene expression was due to sterol depletion versus non-sterol effects of statin inhibition, HepG2 cells were exposed to conditions of sterol depletion (2 mM activated simvastatin + 10% lipoprotein-deficient serum, LPDS) for 48 h, or sterol depletion for 24 h after which either 50 mg/ml LDL-C or 1 mg/ml 25-hydroxycholesterol (HC) was added and the cells were incubated for an additional 24 h. Sterol regulation was observed in three human hepatoma cell lines (HepG2, Huh7 and Hep3B) with sterol depletion reducing HNRNPA1 transcript levels between 36 and 48% (P , 0.05, Fig. 1 and Supplementary Material, Fig. S1 ). Add-back of either LDL-C or 25-HC in HepG2 indicated that this reduction was due to reduced sterol concentrations ( Fig. 1) , consistent with sterol regulation of HNRNPA1 transcript levels. Consistent changes in HNRNPA1 protein levels in response to sterol depletion and add-back were confirmed by western blot analysis (Supplementary Material, Fig. S1 ). Sterol depletion down-regulates HNRNPA1 expression. HepG2 cells (n ¼ 10) were incubated under one of the four conditions: 48-h incubation in media supplemented with 10% FBS, 48-h incubation in media supplemented with 2 mM activated simvastatin and 10% LPDS, 24-h incubation in media supplemented with 2 mM statin and 10% LPDS followed by a 24-h incubation with 50 mg/ml LDL-C add-back, or 24-h incubation in media supplemented with 2 mM statin and 10% LPDS followed by a 24-h incubation with 1 mg/ml 25-HC. Transcript levels of HNRNPA1 lacking exon 8, HNRNPA1 8(2), the predominant variant of HNRNPA1, were quantified using qPCR. Results are shown as mean + standard error.
* P , 0.05 for FBS versus Statins (Student's t-test). See also Supplementary Material, Figure S1 .
HNRNPA1 regulates the ratio of HMGCR alternatively spliced versus full-length transcripts
To determine the impact of HNRNPA1 on HMGCR13(2) and 13(+) transcript levels, we transfected HepG2 and Huh7 cells with pCG-A1, a plasmid expressing T7-tagged HNRNPA1 lacking exon 8, the major splice variant expressed in these cell lines, or pCG, a control plasmid containing only the vector backbone, for 48 h. HNRNPA1 8(2) overexpression was confirmed by qPCR and immunoblot ( Fig. 2A and B) . Overexpression of HNRNPA1 increased the percentage of HMGCR13(2) transcripts in HepG2 and Huh7 cells by 25.5 + 3.7 and 41.2 + 8.6%, respectively (P , 0.05) (Fig. 2C) without significantly altering the level of total HMGCR transcripts (Fig. 2D) . We observed the reverse relationship in cells transfected with the pLKO.1 HNRNPA1 shRNA plasmid, which reduced HNRNPA1 transcript levels by 38.0 + 10% in HepG2 cells and by 33.3 + 8.8% in Huh7 cells (Fig. 2E) . The percentage of HMGCR13(2) transcripts in HNRNPA1 shRNA-transfected HepG2 and Huh7 cells was decreased by 24.4 + 2.5 and 4.3 + 2.8%, respectively (P , 0.05) (Fig. 2F) , without altering total HMGCR mRNA levels (Fig. 2G) . Although the effect size was quite modest in Huh7 cells, this finding is consistent with Sanger sequencing results, confirming that HepG2 cells are heterozygous for rs3846662 and thus have one copy of the 'A' allele, while Huh7 cells are homozygous for the 'G' allele, and thus would be predicted to have reduced response compared with HepG2 cells. In addition, we found that the magnitude of HNRNPA1 knock-down with siRNA transfection was directly proportional to the degree of change in the ratio of HMGCR13(2) to total HMGCR transcripts (r 2 ¼ 0.47, P ¼ 0.003; Fig. 2H ). Taken together, these results strongly suggest that HNRNPA1 regulates HMGCR exon 13 skipping.
HNRNPA1 regulates HMGCR alternative splicing and transcript stability
To test if HNRNPA1 regulates allele-specific HMGCR exon 13 skipping, we created an HMGCR mini-gene by cloning the HMGCR genomic DNA sequence from Hep3B between introns 11 and 14 into the pDEST exon-trap vector. Since the template contained the rs3846662 'G' allele, we used site-directed mutagenesis to introduce the 'A' allele to test for an SNP by HNRNPA1 interaction (Fig. 3A) . A allele and G allele HMGCR mini-genes were separately co-transfected with either the pCG-A1 HNRNPA1 8(2) overexpression or pCG control plasmid. qPCR assays were designed to specifically detect HMGCR transcripts originating from the mini-gene (called mHMGCR13 (2) and mHMGCR13(+)), but not endogenous HMGCR transcripts. Consistent with the hypothesis that HNRNPA1 regulates exon 13 alternative splicing, we found that HNRNPA1 overexpression increased mHMGCR13(2) and decreased mHMGCR13(+) in both Huh7 and Hep3B cells transfected with either the A or G allele mini-genes ( Fig. 3B and C) . These effects were more pronounced with the A allele mini-gene as HNRNPA1 overexpression increased the mHMGCR13(2)/mHMGCR13(+) ratio 40% greater than the G allele mini-gene in both Huh7 (P , 0.05) and Hep3B cells (P ¼ 0.05) (Fig. 3B and C) . In addition, this relationship appeared to be dose-dependent as greater HNRNPA1 overexpression was correlated (r 2 ¼ 0.89, P ¼ 0.0004) with greater HMGCR exon 13 skipping in HepG2 cells (n ¼ 8) co-transfected with the A allele containing mini-gene (Fig. 3D) . As expected, PTBP1 overexpression did not increase mHMGCR13(2) (C.Y., personal communication).
Next, to determine whether there is a direct interaction between endogenously expressed HNRNPA1 and HMGCR pre-mRNA, we performed RNA immunoprecipitation (RIP) using an anti-HNRNPA1 monoclonal antibody in HepG2 cells, and performed RT-PCR with primers spanning both the 5 ′ and 3 ′ exon-intron 13 splice junctions to specifically detect HMGCR intron 13 containing transcripts. While HMGCR intron 13 was detectable in both the anti-HNRNPA1 and mouse IgG control samples prior to pulldown (aka input lysate), after pull-down HMGCR intron 13 containing transcripts were only detected in the anti-HNRNPA1 antibody-treated sample (Fig. 4A ). In addition, we co-transfected HepG2 cells with either the rs3846662 'A' or 'G' allele containing HMGCR mini-gene construct as well as either the pCG or pCG-HNRNPA1 overexpression vector to assess the effect of rs3846662 on the HNRNPA1-HMGCR interaction. Using RIP and qPCR, we found that HNRNPA1 overexpression led to 3.86 + 1.15-fold greater enrichment of HMGCR pre-mRNA (intron 13 containing transcripts) expressed from the 'A' allele containing mini-gene after HNRNPA1 pull-down compared with transcripts expressed from the 'G' allele containing minigene (n ¼ 3, P ¼ 0.05, Fig. 4B ). Greater enrichment of mini-gene derived HMGCR mRNA from the 'A' allele versus 'G' allele mini-gene transfected cells was also observed (Supplementary Material, Fig. S2 ), suggesting a preferential binding of HNRNPA1 to the HMGCR rs3846662 'A' allele containing transcripts compared with the 'G' allele containing transcripts. Western blot analysis was performed to validate HNRNPA1 protein pull-down (Fig. 4C) . Finally, to confirm that rs3846662 causes differential binding of HNRNPA1, we performed an RNA electrophoretic mobility gel shift assay (RNA EMSA) using N-terminal His-tagged HNRNPA1 (His-HNRNPA1) and biotinylated RNA probes for the HMGCR intronic region containing either the rs3846662 'A' or 'G' allele. In addition, a probe containing three repeats of HNRNPA1-binding sequence (aka A1 win probe) (15) was used as a positive control for the gel shift assay. As shown in Figure 4D , His-HNRNPA1 caused a significant shift of A1 win probe, validating the binding capacity of the His-HNRNPA1. Although a shifted band did not appear, we observed reduced amounts of free HMGCR probe after incubation of His-HNRNPA1, suggesting that the HMGCR probes were able to form complexes with His-HNRNPA1, but that these may be trapped in the gel wells. Importantly, quantitation of the free RNA probe intensity found that the presence of His-HNRNPA1 decreased the intensity of free A allele probe 40% more than that of free G allele probe (n ¼ 3).
Since HNRNPA1 has been reported to modulate mRNA stability (16), and we found that HNRNPA1 overexpression increased the overall levels of mini-gene-derived HMGCR transcripts (Supplementary Material, Fig. S3 ), we sought to determine whether changes in the relative ratio of endogenous HMGCR13(2) to HMGCR13(+) transcripts may also be attributable to splice variant-specific effects of HNRNPA1 on transcript half-life. HepG2 cells were transfected with either the pCG-A1 HNRNPA1 8(2) overexpression or pCG control plasmid for 48 h, after which actinomycin D was Human Molecular Genetics, 2014, Vol. 23, No. 2 added to inhibit transcription. HNRNPA1 overexpression increased HMGCR13(2) transcript stability 2.0 + 0.5-fold compared with control conditions (n ¼ 9, P , 0.05, Fig. 5A and B). In contrast, while there was a trend of greater 
HNRNPA1 overexpression modulates cellular cholesterol metabolism
When expressed alone, the HMGCR13(2) catalytic domain appears to be inactive (2) , suggesting that modulating the relative ratio of the HMGCR13(2) to 13(+) isoforms would impact total cellular HMGCR enzyme activity. To determine whether the HNRNPA1-induced change in HMGCR alternative splicing is functionally relevant, we measured HMGCR enzyme activity in HepG2 cells after 24-h transfection with either the pCG-A1 HNRNPA1 8(2) overexpression or pCG control plasmid and found that HNRNPA1 overexpression decreased HMGCR enzyme activity 33.3 + 8.9% (n ¼ 6, P ¼ 0.03) compared with control (Fig. 6A ). In addition, HNRNPA1 overexpression increased both LDL-C uptake 9.3 + 3.6% (n ¼ 12, P ¼ 0.01, Fig. 6B ) and cellular apolipoprotein B (APOB) 38.0 + 9.4% (n ¼ 12, P ¼ 0.001, Fig. 6C ), but did not generate statistically significant changes in intracellular total cholesterol, free cholesterol or cholesterol ester (Fig. 6D) . These results suggest that HNRNPA1-mediated modulation of HMGCR alternative splicing directly impacts intracellular cholesterol metabolism. . HNRNPA1 directly interacts with HMGCR intron 13. (A) HepG2 cell lysates were subject to RIP using an anti-HNRNPA1 antibody or normal mouse IgG as control. HMGCR intron 13 containing transcripts in the input and immunprecipitated (IP) RNA was detected by RT-PCR, and visualized on a 2% agarose gel along with PCR negative control (NTC). (B) HepG2 cells (n ¼ 3) were co-transfected with either the rs3846662 'A' allele or 'G' allele HMGCR mini-gene construct as well as either the pCG-A1 HNRNPA1 8(2) overexpression or pCG control plasmid. After 48 h, an RIP assay was performed, and the pull-down mHMGCR pre-mRNA was analyzed by qPCR. The fold enrichment of binding was calculated as the amount of mini-gene HMGCR obtained from the anti-HNRNPA1 antibody-immunoprecipitates compared with the quantity of mini-gene HMGCR isolated from the normal mouse IgG complexes (negative control). Values shown are mean + standard error. (C) Cell lysates from the RIP assays were subject to western blot analysis with anti-human HNRNPA1 antibody to confirm HNRNPA1 protein pull-down. (D) RNA gel shift assay was performed to test whether rs3846662 modulates the direct interaction between HNRNPA1 protein (His-HNRNPA1) and HMGCR intron 13. The upper panel shows the sequences of 3 ′ biotin-labeled rs3846662 RNA probes containing either 'A' or 'G' allele. The A1 win probe is a positive control probe containing three repeats of a known HNRNPA1-binding motif (15) . Each of the three RNA probes was incubated with varying concentrations of His-HNRNPA1 protein, with reactions separated onto a 4 -20% gel, transferred to a membrane, cross-linked and band intensity quantified. Although no shift was observed with the HMGCR probes, complex formation was inferred by the decrease in free RNA probe as RNA-protein complexes may have been trapped in the gel wells. The experiment was performed in triplicate, with a representative gel shown. See also Supplementary Material, Figure S2 .
A genetic variant near HNRNPA1 is associated with HNRNPA1 8(1) transcript expression levels and in vivo statin response
We next sought to determine whether there were functional gene variants impacting HNRNPA1 influence on cholesterol metabolism. Of the more than 300K SNPs genotyped in Cholesterol and Pharmacogenetics (CAP: simvastatin 40 mg/day, 6 weeks) clinical trial participants, only two, rs1920045 and rs10506328, were located ,10 kb from HNRNPA1 (Supplementary Material, Fig. S5A ). We tested these for association with HNRNPA1 expression levels using array data from 480 statin-and sham-exposed CAP LCLs. The expression array contained two probes for HNRNPA1. One hybridized to the 5 ′ UTR of HNRNPA1 transcripts and detected most known HNRNPA1 splice variants (including the major HNRNPA1 8(2) variant), while the other hybridized to HNRNPA1 exon 8 and detected only exon 8-containing transcripts (or HNRNPA1 8(+)), Supplementary Material, Figure S3B . rs1920045 was associated with the absolute levels of HNRNPA1 8(+) mRNA in the sham-treated cells but not in the statin-treated cells (Supplementary Material, Fig. S6A and B), resulting in a differential statin-induced change in HNRNPA1 8(+) transcript levels (Fig. 7A) . In contrast, there was no association between rs1920045 and total HNRNPA1 levels (predominantly HNRNPA1 8(2)) suggesting the SNP is both a 'baseline' and a 'differential' splicing quantitative trait locus (sQTL) for HNRNPA1 exon 8 (Supplementary Material, Fig. S6D-I) . Specifically, HNRNPA1 8(+) transcript levels were increased in TT homozygotes after statin treatment, whereas either no changes or reductions in HNRNPA1 8(+) were observed in the other two genotypes (P ¼ 0.01 additive model, Fig. 7A ). In addition, TT homozygotes had greater increases in statin-induced HNRNPA1 exon 8 retention (Supplementary Material, Figs S6C and S8). Interestingly, western blot analysis of the three human hepatoma cell lines demonstrated preferential nuclear localization of the HNRNPA1 8(+) isoform (Fig. 7B) . In addition, we confirmed that similar to HNRNPA1 8(2), HNRNPA1 8(+) regulates HMGCR exon 13 skipping (Supplementary Material, Fig. S7 ), suggesting that greater HNRNPA1 8(+) expression would be associated with greater HMGCR alternative splicing. Since greater HMGCR13(2) levels have been directly associated with smaller LDL-C reductions with statin treatment (7), we hypothesized that the genotype associated with greater HNRNPA1 8(+) transcript levels after statin treatment would also be associated with reduced cholesterol lowering. Consistent with this hypothesis, we found that rs1920045 TT homozygotes from two independent statin clinical trials, CAP and PRINCE (Pravastatin/Inflammation and CRP Evaluation: pravastatin 40 mg/day, 24 weeks), had smaller reductions in total cholesterol after statin treatment (Fig. 7C and Supplementary Material,  Fig. S8 ). The other HNRNPA1 SNP, rs10506328, was not associated with any of these in vitro or in vivo phenotypes.
DISCUSSION
Although functionally relevant alternatively spliced variants of key genes implicated in cholesterol metabolism have long been reported in the literature (2, 7, (18) (19) (20) (21) (22) , alternative splicing was only recently recognized as a mechanism of directly modulating these pathways, with sterol depletion reducing expression of splice variants encoding inactive or less functional protein isoforms and sterol loading increasing expression levels of these splice variants (9) . Very recently, this mechanism has been shown to be mediated by specific splicing factors. For example, PTBP1 is a splicing suppressor that regulates alternative splicing of not only genes in the cholesterol biosynthesis and uptake pathways (9), but also FADS2, a critical gene in omega-3 and omega-6 fatty acid synthesis (23) . TRA2B (aka SFRS10) has also been recently shown to alter splicing of LPIN1, a key regulator of triglyceride synthesis, causing changes in hepatic lipogenesis and very low density lipoprotein secretion (24) . Here, we report evidence that HNRNPA1, a wellcharacterized mRNA splicing repressor (13, 25) , impacts cellular cholesterol metabolism by both stimulating production and reducing degradation of an alternatively spliced HMGCR transcript, HMGCR13(2), resulting in reduced HMGCR enzyme activity and increased LDL-C uptake. Since expression of HMGCR13(2) has been implicated in the variation of endogenous levels of plasma LDL-C (2) and LDL-C reductions in response to statin treatment (7), these findings suggest that HNRNPA1 plays a role in the variation of both risk and response to treatment of cardiovascular disease.
HNRNPA1 regulates RNA splicing by competing with SRSF1, an essential human splicing factor involved in both constitutive splicing and alternative splicing (26, 27) . The molar ratio of SRSF1 to HNRNPA1 regulates RNA splicing through antagonistic effects on the selection of alternative 5 ′ splice sites that compete for a common 3 ′ splice site in vitro (14, 28) . A high concentration of SRSF1 tends to activate proximal 5 ′ splice sites, promoting exon inclusion, whereas an excess of HNRNPA1 favors distal 5 ′ splice sites to cause exon skipping (13) . Strikingly, in silico analysis predicted that the rs3846662 'A' allele would disrupt the SRSF1-binding motif within HMGCR intron 13, but still allows HNRNPA1 binding, thus predicting that the 'A' allele would be associated with greater exon 13 skipping (Fig. 8) . Consistent with previous reports demonstrating that the 'A' allele directly increases exon 13 skipping (2,7), using a mini-gene construct we found not only that HNRNPA1 promotes HMGCR exon 13 skipping, but also that this effect is more pronounced in 'A' allele containing mini-gene (Fig. 3) . The attenuated interaction between HNRNPA1 and the rs3846662 'G' allele was also seen in the effects of HNRNPA1 knock-down on endogenous levels of HMGCR13(2) expression in HepG2 and Huh7 cells (Fig. 2F ). These changes are most likely due to direct effects of HNRNPA1 on HMGCR RNA as we demonstrated an interaction between endogenously expressed HNRNPA1 and HMGCR pre-mRNA (Fig. 4A ). In addition, we verified that rs3846662 impacts this relationship using RIP-qPCR and RNA EMSA (Fig. 4B , Supplementary Material, Fig. S2 and 4D ), where we found a greater interaction between HNRNPA1 and HMGCR RNA that contained the rs3846662 'A' allele versus the 'G' allele. These results demonstrate that HNRNPA1 directly binds the HMGCR transcript, and that rs3846662 directly impacts this interaction. Together with our finding that sterol depletion reduces HNRNPA1 transcript levels ( Fig. 1) , these results corroborate our previous result that statin-induced suppression of HMGCR exon 13 skipping was only observed in LCLs that carried at least one copy of the rs3846662 'A' allele versus no change in 'G' allele homozygotes (9). These results strongly suggest that HNRNPA1 plays a role in mediating both genetic (rs3846662) and environmental (changes in the intracellular sterol content) regulation of HMGCR alternative splicing. The rs3846662 'A' allele, but not the 'G' allele, was predicted to generate a binding motif for SRSF6, another splicing factor with known roles in both constitutive and alternative splicing (29, 30) . Unlike SRSF1, there are no known interactions between SRSF6 and HNRNPA1; however, since all three of these genes (HNRNPA1, SRSF1 and SRSF6) are expressed in both liver tissue and LCLs, the role and interplay of these three splicing factors in the regulation of HMGCR alternative splicing remain an area of future study.
Cytoplasmic HNRNPA1 can recognize and bind to adenylate-uridylate-rich elements (AREs) in the 3 ′ untranslated region (UTR) of mRNAs to modulate the RNA turnover (16) . Consistent with this activity, we found that HNRNPA1 not only stimulates production of the HMGCR13(2) transcript, but also preferentially stabilizes it over the HMGCR13(+) transcript (Figs 3 and 5) . Interestingly, HMGCR13(2) and 13(+) are thought to share the same 3 ′ UTR. In addition, we found that HNRNPA1 overexpression increased levels of total mini-gene derived HMGCR transcripts (Supplementary Material, Fig. S3 ), which contain only exons 12-14 and do not have the HMGCR 3 ′ UTR. These results suggest the possibility that HNRNPA1 binding to the HMGCR transcript between exons 12 and 14 promotes transcript stability.
The dual effects of HNRNPA1 on HMGCR alternative splicing and transcript stability are consistent with our finding that HNRNPA1 is localized to both the nucleus and the cytoplasm. Interestingly, this localization appears to be influenced by alternative splicing of HNRNPA1 itself, as the major splice variant expressed in human hepatoma cell lines lacks exon 8, HNRNPA1 8(2), and encodes an isoform found in both the nucleus and the cytoplasm, while the minor splice variant that contains exon 8, HNRNPA1 8(+), encodes an isoform seen preferentially in the nucleus (Fig. 7B) . It is possible that the inclusion of exon 8 changes access to the nuclear import/export signal encoded in HNRNPA1 exon 9 (31, 32) . Based on their subcellular localization, one would predict that the nuclear HNRNPA1 regulates HMGCR alternative splicing while the cytoplasmic HNRNPA1 modulates transcript stability.
Consistent with the effect of increasing HMGCR13(2) expression levels, we also found that HNRNPA1 overexpression reduces HMGCR enzyme activity, increases LDL uptake and increases cellular concentrations of APOB (Fig. 6) . The increased LDL uptake is presumably due to the reduction of intracellular cholesterol levels resulting from lower HMGCR enzyme activity, and consequent up-regulation of LDLR expression. In addition, the greater cellular APOB is consistent with the likelihood that HNRNPA1 overexpression reduces cholesterol synthesis and thus limits cholesterol secretion. However, given the fact that HNRNPA1 has been shown to interact with the promoter of APOE (MIM 107741), another key gene involved in lipoprotein metabolism (33) , it is also possible that HNRNPA1 effects on cellular cholesterol metabolism may be mediated by changes in alternative splicing or transcript stability of genes beyond HMGCR that influence these pathways. In addition, since HNRNPA1 has been shown to regulate mRNA translation rates (34), we cannot discount the possibility that HNRNPA1 effects on HMGCR enzyme activity are also due to regulation of protein synthesis.
Here, we report that HNRNPA1 transcript levels are downregulated with sterol depletion, an effect partially reversed by LDL-C add-back or 25-HC. This finding is consistent with our current finding that HNRNPA1 stimulates HMGCR13(2) expression, as well as our previous report demonstrating that sterol depletion reduces HMGCR13(2) levels relative to 13(+) (9) . Although the SREBF2/INSIG/SCAP transcriptional regulatory system is well known to mediate sterol-induced changes in transcription (35) (36) (37) (38) , neither in silico prediction programs including PROMO, TFBIND and TFSEARCH, nor SREBF2 ChIP-seq analysis have identified a potential SREBF2-binding site in the HNRNPA1 promoter (39), suggesting that sterol-induced changes in HNRNPA1 transcript levels are not directly mediated by SREBF2. Thus, additional study is necessary to determine the molecular mechanism underlying sterol regulation of HNRNPA1.
The role of HNRNPA1 in cholesterol metabolism and statin response was further supported by the discovery of a genetic variant upstream of HNRNPA1, rs1920045, that was correlated with greater statin-induced expression of the HNRNPA1 8(+) transcript (Fig. 7A) . Since HNRNPA1 8(+) is found mainly in the nucleus, greater HNRNPA1 8(+) would be predicted to promote HMGCR exon 13 skipping. We have previously shown that increasing the relative ratio of the HMGCR13(2) to 13(+) transcripts reduces the statin sensitivity of the resulting HMGCR enzyme (7), and thus, rs1920045 carriers would be predicted to have reduced cholesterol lowering with statin treatment. Consistent with this hypothesis, we found a modest association between rs1920045 and statin response as minor allele homozygotes in two independent clinical trials of simvastatin and pravastatin had smaller cholesterol reductions (Fig. 7C) . rs1920045 is in strong linkage disequilibrium (LD) with rs3809162 (r 2 ¼ 1, HapMap CEU) located within the HNRNPA1 promoter (Supplementary Material, Fig. S5 ). Although HNRNPA1 is known to undergo self-splicing (40), since rs1920045 is not associated with overall HNRNPA1 transcript levels, it is unlikely that SNP-induced changes in overall HNRNPA1 protein levels would explain its association with exon 8 utilization. Furthermore, no SNPs within HNRNPA1 are known to be in LD with rs1920045. However, since previous reports have demonstrated how promoter variation may ultimately impact the transcript structure (41, 42) , given the LD between rs1920045 and the promoter SNP rs3809162, it is likely that rs1920045 is not the causal variant. Further testing will be required to assess the true functional variant as well as the precise mechanism by which it is related to statin-induced changes in LDL-C. These results suggest that both cis-acting and trans-acting gene variants that impact HMGCR alternative splicing contribute to inter-individual variation in statin-induced plasma cholesterol reduction.
Here, we have shown that HNRNPA1, an mRNA splicing regulator, modulates the expression level of an alternatively spliced ′ splice donor resulting in exon retention, while HNRNPA1 promotes utilization of the distal 5 ′ splice donor to cause exon skipping (14) . Although both HNRNPA1 and SRSF1 are predicted to compete for a binding motif containing the rs3846662 'G' allele, only HNRNPA1 is predicted to bind the rs3846662 'A' allele, and thus is expected to promote exon 13 skipping.
transcript of HMGCR by both regulating splicing in an allele-related manner and altering RNA stability, resulting in reduced HMGCR enzyme activity and increased LDL-C uptake. While HNRNPA1 has been previously implicated in a wide variety of cellular processes and disease states, these results for the first time demonstrate that HNRNPA1 also plays a role in cellular cholesterol metabolism. In addition, since genetic variation in HNRNPA1 may contribute to inter-individual differences in statin efficacy, these findings highlight the importance of considering both specific splice variants, and the splicing factors that regulate them, in the identification of markers and determinants of statin response.
MATERIALS AND METHODS
Genome-wide expression analyses
LCLs were established from all participants in the CAP trial and cultured as previously described (7, (43) (44) (45) (46) . Informed consent was obtained under protocols approved by the Committee for the Protection of Human Subjects at Children's Hospital and Research Center Oakland. LCLs (N ¼ 480) normalized to a uniform cell density were exposed to 2 mM simvastatin (Merck) or sham buffer for 24 h. RNA was extracted using a Qiagen RNAeasy kit (Qiagen) with on-column DNAse treatment and converted to biotin-labeled cRNA using the Illumina TotalPrep-96 RNA amplification kit (Applied Biosystems). cRNA was hybridized to Illumina HumanRef-8 v3 expression beadchips (Illumina). Data were analyzed using GenomeStudio (Illumina). All beadchips had a Signal P95/P05 . 10. The GEO DataSet accession number for the CAP gene expression data reported in this paper is GSE36868.
Cell culture
HepG2, Huh7 and Hep3B were grown in Eagle's minimum essential medium (ATCC) supplemented with 10% heat inactivated fetal bovine serum (FBS) (Hyclone). Cultures were maintained at 378C with 5% CO 2 . LDL-C was isolated as previously described (47) . Cells were exposed in replicate to conditions of sterol depletion [10% lipoprotein-deficient serum (LPDS) and 2 mM activated simvastatin], and after 24 h, either 50 mg/ml LDL-C or 1 mg/ml 25-HC (Sigma-Aldrich) was added for an additional 24 h.
Plasmids
The HNRNPA1 8(2) overexpression plasmid, pCG-A1, was kindly provided by Dr Adrian R. Krainer. The pCG control plasmid was generated by removing the HNRNPA1 8(2) complementary DNA (cDNA) sequence. pLKO.1 scramble shRNA (a non-targeting shRNA control plasmid) was purchased from Sigma-Aldrich. pLKO.1 HNRNPA1 8(2) shRNA (a silence select shRNA construct specific for HNRNPA1) was cloned using the manufacturer's protocol from Addgene. To create the HMGCR mini-genes, a 2-Kbp segment of the HMGCR gene was amplified from introns 11 to 14 using 5 ′ -CACC TGG ATA CAC AGT GAA ACA GTG- 5 HepG2 cells/ well in six-well plates with 5-12.5 pmol Silencer Select siRNA (Applied Biosystems) using a pSPORTNeoFX transfection agent (Applied Biosystems) and compared with cells transfected with the Silencer Select Negative Control #1 (Applied Biosystems). To assess the effects of HNRNPA1 overexpression on HMGCR exon 13 skipping, pDEST mini-gene plasmids containing either the rs3846662 'A' or 'G' allele were co-transfected with either pCG-A1 or pCG for 48 h. In order to measure the effects of HNRNPA1 overexpression on HMGCR transcript stability, the cells were transfected with either pCG-A1 or pCG plasmid for 48 h, treated with 1 mg/ml actinomycin D and harvested over 24 h. Transcript half-life was calculated as previously described (17) .
Immunoblotting
HepG2 cells were lysed with the CelLytic TM M Cell Lysis Reagent (Sigma-Aldrich), and protein concentration was determined by a Bradford protein assay (Bio-Rad). Fifteen micrograms of total protein was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto a nitrocellulose membrane, and incubated with anti-human HNRNPA1 (Santa Cruz Biotechnology, sc-56700) and b-actin (Santa Cruz Biotechnology, sc-81178) antibodies at the dilution of 1:200. Blots were then incubated with a horseradish peroxidase-conjugated anti-mouse IgG antibody (Santa Cruz Biotechnology, sc-2005). The SuperSignal West Femto Substrate (Thermo Scientific, 34095) was used for detection of peroxidase activity. Nuclear and cytoplasmic fractions were isolated using the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce Biotechnology).
Transcript quantification
RNA was isolated using the Qiagen RNAeasy kit with DNase I digestion, and cDNA was synthesized using the Applied Biosystems cDNA archive kit. HNRNPA1 8(2) mRNA levels were quantified by SYBR Green assays using an exon 7 -9 forward primer (5 ′ -GGT AAT GAT GGA AGC AAT TTT GGA G-3 ′ ) and exon 9 reverse primer (5 ′ -TTT CGT GGT TTT GCA AAG TAT TGG-3 ′ ), while HNRNPA1 8(+) transcripts were measured by SYBR Green assays with an exon 7 forward primer (5 ′ -GGA TGG CTA TAA TGG ATT TGG TAA-3 ′ ) and exon 8 reverse primer (5 ′ -TTA TAG CTG TCA TAG CTG CCA CTC-3 ′ ). Endogenous HMGCR splice variants were quantified and normalized to CLPTM1 as previously described (7, 9) . HMGCR mini-gene derived transcripts were quantified using the pDEST forward primer (5 ′ -GAA GCT CTC TAC CTG GTG TG-3 ′ ), coupled with one of the three reverse primers to measure total mHMGCR: 5 ′ -ACA CCA CGC TCA TGA GTT TCC ATC-3 ′ , mHMGCR13(2): 5 ′ -ACC TCC ACC AAG CAA GGA GT-3 ′ , or mHMGCR13(+): 5 ′ -CAT TCT CAC AAC AAG CTC CCA-3 ′ . For RIP assays, endogenous HMGCR intron 13 containing transcripts (or HMGCR pre-mRNA) was detected using a forward primer that spans the HMGCR exon 13-intron 13 splice junction (5 ′ -AGC AAT AGG TGT AAG TTG GCA-3 ′ ) and a reverse primer that spans the HMGCR exon 14-intron 13 splice junction (5 ′ -CTC CAC CAA GCT ACA CAG TA-3 ′ ). To detect mini-gene-derived transcripts, mHMGCR pre-mRNA levels were quantified by the pDEST spacer forward primer (5 ′ -GGT GGT GAC GGG TGG CTA-3 ′ ) and the HMGCR intron 11 reverse primer (5 ′ -GGT ACC ACT GTT TCA CTG TG), while the mHMGCR mRNA amount was analyzed by the primer set detecting total mHMGCR.
RIP assays
HepG2 cells (6 × 10 6 ) were plated in a T-75 flask 24 h prior to transfection. Co-transfections were carried out as described above with 7.5 mg of either the pCG control or pCG-A1 overexpression construct as well as 7.5 mg of either the 'A' or 'G' allele containing the HMGCR mini-gene construct. After 48 h, cell pellets were washed twice with ice-cold PBS and subject to RIP using the Imprint RIP kit (Sigma-Aldrich) following the manufacturer's protocol with the harsh lysis buffer. Briefly, the cell lysate was equally divided with 10% of each saved as input (before antibody pull-down sample). 2.5 mg of either mouse monoclonal anti-human HNRNPA1 (Santa Cruz Biotechnology, sc-56700) antibody or mouse normal IgG (Sigma-Aldrich) was added to the remaining lysates, and rotated at 48C overnight. Twenty microliters of washed protein A magnetic beads were added to each tube, rotated at 48C for 1 h, and protein A magnetic beads were washed five times. Immunoprecipitated RNA was isolated using the TRI reagent (Sigma-Aldrich) and RNA quantified by qPCR as described above. The relative enrichment of the HMGCR rs3846662 'A' allele versus 'G' allele containing mini-gene transcripts after HNRNPA1 pull-down was calculated by normalizing values first to its respective pCG and IgG control, and then to the relative degree of HNRNPA1 overexpression quantified by HNRNPA1 transcript levels. Protein from immunoprecipitation was also subject to anti-HNRNPA1 western blot as described above to verify HNRNPA1 protein pull-down.
RNA EMSA
3
′ -end-biotinylated RNA oligonucleotides were synthesized from Sigma-Aldrich. Purified N-terminal His-tagged human recombinant HNRNPA1 (His-HNRNPA1) protein was purchased from Prospec. An RNA gel shift assay was carried out using a LightShift Chemiluminescent RNA EMSA kit (Thermo Scientific). RNA oligos with either the HMGCR rs3846662 'A' or 'G' allele were incubated for 30 min in the presence or absence of His-HNRNPA1 protein in 1× binding buffer, 5% glycerol, 2 mg tRNA and 6.25 nM biotin-labeled RNA oligos. A positive control probe (aka A1 win probe) containing three repeats of the HNRNPA1-binding motif was also used to validate the binding ability of the recombinant His-HNRNPA1 protein. 5× loading dye was added to each reaction, loaded onto a 4 -20% Novex w TBE Gel (Life Technologies), and run at 100 V for 2 h in 0.5× Novex w TBE Running Buffer (Invitrogen) at 48C. The RNA -protein complexes were transferred from the gel to a nylon membrane (Thermo Scientific) at 35 V for 40 min in a 48C cold room, and crosslinked using the Stratalinker UV crosslinker (Stratagene). Biotin-labeled RNA oligos were detected by the chemiluminescent nucleic acid detection module (Thermo Scientific), and quantified using the GelQuant.-NET software.
Measurement of cellular phenotypes
HMGCR enzyme activity, LDL-C uptake and cellular APOB were assayed in HepG2 cells after 24 h of HNRNPA1 8(2) overexpression. HMGCR enzyme activity was quantified in 1 × 10 6 cells as previously described (7). To quantify LDL-C uptake, cells were incubated with 10 mg/ml of Dil-LDL (Biomedical Technologies Inc., bt904) for 3 -4 h at 378C, washed twice with ice-cold PBS and scraped from the wells. Dil was quantified by fluorescence-activated cell sorting on the BD FACS Calibur Flow Cytometer, with values obtained as the average of 10 000 gated events. Cells were lysed with 0.25% Triton X-100, and APOB concentrations were quantified by enzyme-linked immunosorbent assay (ELISA) and normalized to total cellular protein as previously described (48, 49) . Intracellular cholesterol was measured using the Amplex w Red cholesterol assay kit (Invitrogen). Briefly, washed cell pellets were resuspended in 500 ml of hexane/isopropyl alcohol (3:2, v/v), nitrogen flushed, vortexed at 3000 r.p.m. for 1 h and centrifuged at 14 000 r.p.m. (Eppendorf rotor FA-45-24-11) for 5 min. The clear lipid extract was dried under N 2 and assayed based on manufacturer's instructions.
Genetic association analyses
Self-reported Caucasian individuals from the CAP (43) and PRINCE (6) clinical trials had been genotyped on the Illumina HumanHap 300K or HumanHap 610K-Quad platforms as described previously (50) . Informed consent was obtained under protocols approved by the institutional review boards of the respective institutions. Two genotyped SNPs on these platforms were identified within 10 kb of HNRNPA1 (rs1920045 and rs10506328). Expression array probe ILMN_1663447 was used as a proxy for total HNRNPA1 transcript levels and had the sequence 5 ′ -AAGGTAGGCTGGCAGATACGTTCGTC AGCTTGCTCCTTTCTGCCCGTGGA-3 ′ , while ILMN_1815 882 with the sequence 5 ′ -TTATGGAGGAGGCGGCCCTG GTTACTCTGGAGGAAGCAGAGGCTATGGAA-3 ′ represented HNRNPA1 8(+) transcript levels. HNRNPA1 expression phenotypes were derived from expression array probe levels by first adjusting for sex, statin exposure batch, RNA batch and array batch using linear regression and subsequently adding the residuals from this regression to the mean unadjusted values before covariate adjustment for each probe. Statin-induced changes (ln(statin)-ln(baseline)) in in vivo total cholesterol and LDL-C were adjusted for sex, age, BMI, smoking status and study (in the case of the CAP and PRINCE combined analyses) using linear regression, and the residuals from this regression were added to the mean unadjusted values before covariate adjustment for each phenotype. Additive association analyses were conducted using linear regression with genotypes coded as the number of minor alleles, and recessive association analyses were conducted using unpaired, one-or two-sided Student's t-tests.
